Dictyostelium discoideum is a social amoeba that lives in soil and feeds on bacteria. When the cells sense environmental conditions unfavorable for vegetative growth, they start to communicate with each other by means of extracellular cyclic AMP (cAMP). Individual cells move toward higher concentrations of cAMP and produce cAMP themselves, which is secreted and serves to relay the signal in the aggregation field. Oscillatory secretion and perception of extracellular cAMP guide the cells into aggregation centers, in which they cooperate to form fruiting bodies consisting of stalk cells that support a mass of dormant spores (2, 23) .
As the density of growing cells increases, aggregation competence is acquired in response to secreted quorum-sensing proteins referred to as prestarvation factor (PSF) and conditioned-medium factor (CMF) (7) . The PSF protein induces the expression of a subset of early developmental genes, such as the extracellular matrix discoidin proteins and the cAMP receptor CAR1 (8, 32) . Extracellular accumulation of PSF also induces the expression of the protein kinase YakA, which interrupts the cell cycle and releases the translation block from the mRNA of the catalytic subunit of protein kinase A (PKA-C) (35, 36) . CMF is not secreted by growing cells but is rapidly released when the cells starve (21) . CMF is an 80-kDa protein that modulates signal transduction from CAR1 to its downstream effector, the aggregation-specific adenylyl cyclase ACA. When CMF concentrations are low, ligand-induced activation of CAR1 cannot be transmitted to ACA even in the presence of high cAMP concentrations (3, 4) . Thus, the cells sense starvation of neighboring cells as a function of the CMF level and can proceed to aggregate (17) .
CAR1 is a typical serpentine receptor that couples via trimeric G proteins to several intracellular effectors, including adenylyl cyclase, guanylyl cyclase, and phospholipase C (23, 29) . The gene encoding the activatable adenylyl cyclase ACA, acaA, is rapidly induced when the cells start to respond to extracellular cAMP (30) . Activation of ACA is complex and requires at least the G␤␥ complex of heterotrimeric G proteins, the cytosolic regulator of adenylyl cyclase (CRAC), and components of the Ras pathway (2, 23, 29) . ACA activity is the major source of cAMP produced in early stages of D. discoideum development (30) . Most cAMP is secreted in order to relay the cAMP signal to nearby aggregation-competent cells.
PKA is an essential regulator of all stages of D. discoideum development (14, 25, 31, 33) . PKA is a heterodimeric protein consisting of a catalytic and a regulatory subunit. Cytoplasmic cAMP binds to the regulatory subunit of PKA, which releases the catalytic subunit to phosphorylate downstream substrates that lead to alteration in gene expression (40) . Extracellular cAMP is degraded by the product of pdsA, a cAMP-specific phosphodiesterase, whose expression increases dramatically following the initiation of development (13) . This extracellular cAMP-specific phosphodiesterase is controlled by a specific inhibitor (PDI) whose expression is regulated in response to cAMP (15) . Intracellular cAMP is broken down by the phosphodiesterase RegA (34) . The concerted action of many gene products involved in the generation and perception of periodic nanomolar cAMP waves, including ACA, CAR1, PkaC, PdsA, RegA, and others, establishes a positive feedback loop that leads to the activation of genes required for aggregation and subsequent multicellular development. Inactivation of any gene involved in this regulatory network will result in mutants that cannot aggregate, and suppression of the aggregation block with genes involved in the autofeedback loop can be used to dissect the components of these regulatory pathways.
Genomewide DNA microarray analysis of expression profiles is a powerful tool that extends our knowledge of the complex gene networks that regulate D. discoideum development (19, 20, 24, 39) . Particularly helpful are genomewide comparative studies of wild-type cells versus mutant cells in which a single known developmental gene is disrupted (19, 24) .
Retrotransposons are autonomous genetic entities that can be amplified and inserted at different chromosomal locations in their hosts (11) . Active retrotransposons are permanent sources of insertion mutagenesis. Thus, in compact genomes like that of D. discoideum, retrotransposons must follow strategies to avoid disruption of host genes upon retrotransposition (45) . One such strategy is the specific recognition of regions flanking tRNA genes as integration sites (45) . Studies of the tRNA gene-targeting retrotransposon TRE5-A has led to the isolation of a host-encoded protein that binds specifically to a DNA sequence at the 3Ј end of TRE5-A, the C module (16, 18) . This protein was named C-module-binding factor (CMBF). We have now changed the name of CMBF to CbfA in order to avoid confusion with CMF (conditioned-medium factor) and to conform to accepted Dictyostelium nomenclature. The DNA-binding properties of CbfA have been analyzed in some detail, and the CbfA-encoding gene, cbfA, has been isolated (18) . The CbfA protein, as deduced from a recently revised version of the cbfA gene (GenBank accession no. AF052006), consists of 1,000 amino acids and contains a conserved "carboxy-terminal jumonji" domain implicated in chromatin remodeling (10), three unusual zinc fingers, and an AT hook that is required to bind to the C module in vitro (18) .
The C module of retrotransposon TRE5-A serves as a promoter for the transcription of TRE5-A antisense RNAs, but the role of these antisense RNAs in TRE5-A retrotransposition is still obscure. We therefore attempted to generate CbfAdepleted mutants in order to better understand the role of CbfA. We have not been able to isolate strains in which cbfA is deleted by conventional gene replacement approaches, perhaps because it is essential for growth, but we have been able to generate mutants that express CbfA at levels Ͻ5% that of wild-type cells by introducing a partially suppressed amber translational stop codon (44) . Preliminary analyses of the phenotype of cbfA am mutant cells revealed defects in growth and development (44) and also in TRE5-A retrotransposition (unpublished data). We have now characterized the consequences of CbfA depletion for D. discoideum development by using a combination of genomewide DNA microarray analyses and Northern hybridizations. Although cbfA am cells show a prestarvation response by inducing discoidin expression in a cell density-dependent manner, they do not induce acaA when starved on filters, which can account for their failure to aggregate or form multicellular structures. However, exposure of the mutant cells to artificial extracellular cAMP pulses induced the early genes, including acaA. Mixing cbfA am cells with a few wild-type cells also rescued development of the mutant cells, indicating that the block in morphogenesis occurs after the prestarvation response but before the cAMP positive feedback loop is established.
MATERIALS AND METHODS
D. discoideum cell culture and development. D. discoideum AX2, AX4, and cbfA am mutant cells (strain JH.D) (44) were grown in shaken cultures either in liquid HL5 medium or in association with Klebsiella planticola bacteria. Food bacteria were prepared as proposed by Clarke et al. (9) . Multicellular development of D. discoideum cells was monitored on phosphate-buffered agar plates or on black filters (37) . To study gene expression during development, 5 ϫ 10 7 D. discoideum cells were spread on black nitrocellulose filters (AABP04700; 47-mm diameter; Millipore) and allowed to develop for the time periods indicated in the figures. The cells were then washed from the filters using phosphate buffer and collected by centrifugation. Aliquots corresponding to 2 ϫ 10 7 cells were stored as pellets at Ϫ80°C. Frozen cells were used to extract total RNA as described below.
Expression vector construction and complementation studies. Expression plasmids were transformed into cbfA am cells, and stable transformants were selected in HL5 medium containing 5 g of G418/ml. A nearly full-length cbfA cDNA was reconstructed using a combination of cloned and PCR-amplified genomic DNA and cDNA fragments. The cDNA was inserted into the KpnI restriction site of vector pDXA-3H (26) to create the expression vector pDXArCbfA. The protein product derived from this vector, named recombinant CbfA (rCbfA), was identical to authentic CbfA protein except that it lacked the two C-terminal isoleucine residues. Control cells were transformed with empty pDXA-3H vector. The pkaC cDNA was either expressed from its endogenous promoter (plasmid p188) (1) or under the control of the constitutively active act6 promoter (plasmid p332) (12) .
Induction of cAMP-induced gene expression by cAMP pulses. D. discoideum AX2, AX4, and cbfA am cells were grown to densities of 3 ϫ 10 6 /ml in axenic cultures. The cells were washed and adjusted to 2 ϫ 10 7 /ml in phosphate buffer. The cultures were shaken at 150 rpm at 22°C. cAMP was added at a 30 nM final concentration at 6-min intervals, starting 2 h after the cells were washed. After 6 h, a single pulse of 300 M cAMP followed. Aliquots of 2 ϫ 10 7 cells were collected and frozen as cell pellets at Ϫ80°C for further use.
Northern blots. DNA probes specific for several developmental genes were generated by PCR using DNA sequence information from GenBank entries. The following genes were used for hybridization experiments: acaA (L05499), carA (M21824), csaA (X66483), pkaC (M38703), lagC (U09478), and cotB (M26238). The D. discoideum histone H3 gene (hstC) (6) was used as a loading control on Northern blots. Information on genes SLJ247 and SSD449 was obtained from the Dictyostelium genome project (http://dicty.sdsc.edu). PCR fragments used for hybridization experiments were purified from agarose gels using the QIAquick Gel Extraction kit (QIAGEN). DNA fragments were verified by DNA sequencing using the PCR primers.
32 P-labeled probes were generated with the PCR primer complementary to the respective mRNA sequence by using the Taq Cyclist DNA Sequencing kit from Stratagene. A 32 P-labeled probe specific for discoidin I was prepared by nick translation (42) .
Total RNA was prepared from 2 ϫ 10 7 frozen cells using the RNeasy Mini kit from QIAGEN; 40 g of total RNA was separated in denaturing gels, and RNAs were blotted onto Hybond-N membranes. Radioactive probes were hybridized to immobilized RNA at 42°C overnight in 50% formamide-5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1% sodium dodecyl sulfate-1ϫ Denhardt's solution. The blots were washed for 30 min at ambient temperature in 2ϫ SSC and for 30 min at 65°C in 2ϫ SSC-0.1% sodium dodecyl sulfate.
The primers used to generate PCR probes were as follows: acaA-01, GTTC ATCCTATGGTATGAAATTGG; aca-02, GTAGTGAATGAGCCAATTTCA CCC; arA-01, CCAGCCAATGAAACATCATTGG; carA-02, GATGATGATA AAGAAGATGAAGATG; csaA-01, CATTACAGGTACTGGATTTACAG; csaA-02, CCATTGTGAGGTGCTTGAGTGAC; pkaC-01, CCACCACCAGTC AATGCAAGAGAAAG; pkaC-02, CATAGAAAGGTGGATAACCTGCC AAC; cotB-01, GGAGTAGTTGTACACCAAGTAGTGGTTTC; cotB-02, CT TATGGGAACCAATCCAGCCACCTTTTGG; lagC-01, CTCAAGATTATG GGGTAGTATAGAC; lagC-02, CCAGTACCGTATGGTGTTGGACATG; SLJ247-01, GTCAGTGGTGAATGTGCCATTGATTTCTC; SLJ247-02, GGA TGATCCACTTCCTGTACCACTTCC; SSD449-01, ATGGCCAGAATTGAT TATGCTGTAAGC; and SSD449-02, CCAGTTTCAATGGTTTTGAAATAG CCC.
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WINCKLER ET AL. EUKARYOT. CELL Microarray analyses. Corning slides were microarrayed with 6,345 cDNA and genomic targets as previously described (19) . Inserts from 5,655 cDNAs were generously provided by the Japanese EST Project (27, 38) . A list of genes is available at http://www.biology.ucsd.edu/loomis-cgi/microarray/cbfA_array.html. All genes in this study were sequence verified. Probes were prepared from total RNAs collected at 2-h intervals during wild-type and mutant development, as well as from time-averaged reference RNA. Superscript II DNA polymerase (Invitrogen, Carlsbad, Calif.) was used to incorporate either Cy5-or Cy3-conjugated dCTP (Amersham, St. Louis, Mo.) into DNA. Labeled probes from the time points and the time-averaged RNA were mixed and hybridized at 42°C to microarrays for 6 to 12 h before being analyzed with a Genepix 4000B scanner (Axon Instruments, Foster City, Calif.). The total Cy3 signal was normalized to the total Cy5 signal after background subtraction to allow independent slides to be compared. The Cy3/Cy5 ratios for individual genes were then calculated at each time point for subsequent analyses. The expression patterns of mutant cells depleted in CbfA were compared to those of strain AX4, which are indistinguishable from those of strain AX2 (39) .
RESULTS
CbfA-depleted cells are unable to aggregate. CbfA was initially identified and purified by its specific binding to the C module of the retrotransposon TRE5-A (16). Using the highly specific monoclonal antibody 7F3 directed against the carboxyterminal domain of CbfA (44), we showed that the CbfA protein level in AX2 cells is not sensitive to growth conditions (axenic culture or growth on bacteria) and stays constant throughout development. Using this same antibody, we found that the level of CbfA protein in cbfA am cells was Ͻ5% of that in wild-type cells during growth or following the initiation of development (reference 44 and data not shown).
We examined the effect of CbfA depletion in cbfA am cells on the multicellular development of D. discoideum cells. When cbfA am cells grew on lawns of bacteria, they formed very few, if any, fruiting bodies, reflecting poor aggregation of the mutant cells, leading to multicellular structures generated by only a few of the starving cells (44) . When mutant cells were plated on phosphate-buffered agar at 1.6 ϫ 10 6 /cm 2 , the cbfA am cells did not show any sign of aggregation for at least 36 h and only very few, mostly crippled, fruiting bodies were observed after 72 h (data not shown). We could recover a few spores from these plates, and they gave rise to populations of mutant cells when spread on bacterial plates. cbfA am cells showed the aggregation defect at all cell densities tested (5 ϫ 10 4 to 9 ϫ 10 6 cells/cm 2 ). The failure of cbfA am cells to aggregate might be the consequence of their inability to sense their own density and food status. Therefore, we determined the cell density-dependent induction of discoidin expression as a measure of the prestarvation response (8, 9) . Cells were grown in shaken cultures in the presence of bacteria and collected at various titers for Northern analyses of accumulation of discoidin I mRNA (Fig.  1) . The cbfA am cells showed a pronounced lag in growth on bacteria as a consequence of impaired phagocytosis (44) . Nevertheless, cbfA am cells showed almost normal, cell densitydependent expression of discoidin mRNA (Fig. 1) and protein (not shown), indicating that the prestarvation response of cbfA am cells is not affected by CbfA deficiency. These results were confirmed with axenically growing cbfA am cells, in which discoidin mRNA levels increased to 10 6 cells/ml and showed the characteristic repression at cell densities of Ͼ3 ϫ 10 6 cells/ml also observed with AX2 cells (43) (data not shown).
cbfA
am cells fail to activate cAMP pulse-induced genes in early development. Although cbfA am cells reacted to prestarvation conditions, they did not acquire aggregation competence and thus stayed as a monolayer. The ability of a cell population to respond to and relay cAMP signals can be analyzed at the transcription level by measuring the induction of cAMP pulse-induced genes during aggregation. AX2 and cbfA am cells were spread on phosphate buffer-supported filters, and total RNA prepared from samples was collected over 14 h. Northern blots were hybridized with DNA probes specific for the cAMP pulse-induced genes carA, acaA, csaA, and pkaC (Fig. 2) . Expression of the acaA gene was completely absent in cbfA am cells. The genes carA and csaA were induced to very low levels 2 h after starvation of the mutant cells. On Western blots, cbfA am cells did not express any detectable CsaA protein by 11 h after starvation on filters (data not shown). The mRNA encoding the catalytic subunit of PKA (pkaC) was fairly well expressed in growing and developing cbfA am cells, although the typical cAMP pulse-induced increase in pkaC expression seen at 8 h was not observed in the mutant cells (Fig. 2) . We also tested for the expression of the postaggregative, cell-type-specific genes cotB and lagC. Both markers were well expressed in AX2 cells 8 to 14 h after starvation but were absent in the cbfA am cells under these conditions (Fig. 2) . The Northern blot data suggested that the gene regulatory networks that establish and maintain cAMP relay may not be active in cbfA am cells. We used genomewide DNA microarrays carrying 6,345 targets (19) to characterize the expression kinetics of developmentally regulated genes in cbfA am cells. We focused on the expression patterns of 118 genes that can be , and 7.9 ϫ 10 6 /ml for AX2 and 1.0 ϫ 10 6 , 2.4 ϫ 10 6 , 3.8 ϫ 10 6 , and 7.7 ϫ 10 6 /ml for strain JH.D. Total RNA was prepared from the cell samples and analyzed on a Northern blot with a discoidin I␥-specific probe (inset).
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When cbfA am cells were developed on filters, they did not show significant induction of any of the developmentally regulated gene clusters (Fig. 3B) . Close inspection of the individual expression profiles of the early developmental genes tested on Northern blots revealed that expression of carA was induced only ϳ3-fold in cbfA am cells (compared to 38-fold in wild-type cells) and then stayed constant throughout development at only ϳ5% of the wild-type level (not shown). In wild-type cells, csaA expression increased eightfold 8 h after starvation but was not significantly induced in cbfA am cells. The gene acaA was not expressed at all in cbfA am cells. The only gene from the set of developmentally regulated genes that was expressed in a manner similar to that in the wild type was pdiA, the phosphodiesterase inhibitor that is repressed by cAMP pulses. Developmental rescue of cbfA am cells. The aggregation defect of cbfA am cells most likely results from their inability to synthesize cAMP at a high rate as a consequence of failing to express acaA. However, we speculated that they might be able to respond to cells that are making cAMP. We mixed a small number of AX2 cells with cbfA am cells and found that the cbfA am cells developed significantly better in the presence of wild-type cells (Fig. 4) . Spores isolated from the fruiting bodies were plated clonally on bacterial lawns, and most gave rise to clones with the cbfA am phenotype, thus demonstrating that the To determine if cbfA am cells developed in response to extracellular cAMP signals provided by the wild-type cells, we incubated AX2 and mutant cells in buffer and gave them artificial cAMP pulses at 6-min intervals for 4 h, starting 2 h after they were washed, and a final boost of 300 M cAMP after 6 h. RNA was collected at 2-h intervals and analyzed on microarrays. Unlike cbfA am cells developed on filters, those developed in suspension and given cAMP pulses expressed the early genes, including acaA (Fig. 5) . Accumulation of many of these early gene products was delayed ϳ4 h and was somewhat attenuated compared to that of wild-type cells (Fig. 5) . Thus, CbfA appears to play a role in early gene expression but can be partially bypassed if the cells are given exogenous cAMP pulses.
The expression of some critical cAMP pulse-induced genes was analyzed on Northern blots to verify the microarray data. In the wild-type AX2 cells, the genes carA, acaA, and csaA were strongly induced by exogenous cAMP pulses and reached maximum expression 4 to 6 h after the beginning of starvation (Fig. 6 ). These genes were also induced in the mutant cells, albeit more slowly (Fig. 6) . Expression of pkaC was almost normal in the cbfA am cells under these conditions. Thus, the time course of gene expression seen on Northern blots confirmed the DNA microarray data for these genes. In the DNA microarray experiments, we noticed two genes that were induced in cbfA am cells but not in AX4 cells after the onset of starvation. The gene SLJ247, which encodes CF50, a subunit of counting factor (5), was induced ϳ6-fold (SLJ247), whereas expression of SSD449, an orphan gene, was induced ϳ2-fold (data not shown). We analyzed the expression profiles of these two genes on Northern blots of cAMP-pulsed cells to see if they were in fact overexpressed in cbfA am cells compared to wild-type cells (Fig. 6 ). It turned out that both genes were in fact underexpressed in growing cbfA am cells compared to AX2 and were strongly induced soon after the beginning of starvation, thus giving an apparently stronger induction in the mutant than in the wild type. Both genes reached about the same expression levels in both wild-type and cbfA am cells by 2 h after starvation (Fig. 6) . Notably, cAMP-induced repression of SLJ247 was delayed in the mutant strain. Apparently, underexpression of the gene encoding CF50 in growing cells is unlikely to contribute to the phenotype of cbfA am cells, since cf50 null cells form giant streams and fruiting bodies (5). Nevertheless, the fact that SSD449 and SLJ247 were induced in a cAMP-independent manner within the first 2 h following the removal of nutrients, well before the cells were treated with am cells were harvested at 3.0 ϫ 10 6 /ml, washed free of medium, and suspended at 2 ϫ 10 7 /ml in phosphate buffer. The cells were shaken at 150 rpm at 22°C. Beginning 2 h after the cells were washed, cAMP pulses were applied every 6 min at a 30 nM final concentration, followed by a final boost of 300 M cAMP after 6 h. RNA was extracted from cell samples, and 40 g of total RNA was loaded in each slot. The origins and preparation of 32 P-labeled probes are described in Materials and Methods. We also tested two postaggregation genes, lagC and cotB, for expression in cbfA am cells after cAMP pulsing. As shown in Fig. 6 , cotB expression was absent under the experimental conditions used and lagC expression was only slightly induced and barely detectable.
When cAMP-treated cbfA am cells were plated after 8 h on phosphate-buffered agar plates to allow multicellular development, they were able to complete development significantly faster and more efficiently than mutant cells that had not been exposed to exogenous cAMP (data not shown). However, the developmental timing of cbfA am cells was still aberrant, since fruiting bodies were not formed until 31 h after plating, 6 h later than the formation of wild-type fruiting bodies. Moreover, there were fewer fruiting bodies due to inefficient entry of mutant cells into aggregates (data not shown).
The developmental phenotype of cbfA am is complemented by recombinant CbfA. To formally prove that the observed developmental defects of cbfA am cells were exclusively due to CbfA deficiency, we expressed a nearly full-length cbfA cDNA in the mutant cells under the control of the strong, constitutively active actin15 promoter. Using the CbfA-specific antibody 7F3, we found several cbfA am transformants that accumulated substantial levels of rCbfA (data not shown). These clones all developed normally and gave rise to normal-size fruiting bodies (Fig. 7A) . Moreover, expression of early developmental genes, such as csaA, was returned to normal by expression of recombinant CbfA (Fig. 7B) . 
DISCUSSION
CbfA is a sequence-specific DNA-binding protein that is essential for correct expression of acaA and other genes required to aggregate and develop following starvation and deposition of Dictyostelium cells on a moist support. CbfA contains protein motifs that likely act in DNA binding and transactivation of gene expression. The zinc fingers of CbfA may contribute to DNA binding and/or stabilization of the CbfA structure. The carboxy-terminal domain of CbfA contains an AT hook that is required for binding to the C module of retrotransposon TRE5-A in vitro (18) and that may also mediate binding to AT-rich binding sites in CbfA target gene promoters. The amino-terminal one-third of CbfA contains a jumonji domain that is essential for the regulation of early developmental genes (unpublished data). Hence, we speculate that CbfA is a transcription regulator that binds to AT-rich target sites in the D. discoideum genome and regulates the transcription of CbfAdependent genes.
CbfA seems to be particularly important for the expression of the aggregation-specific adenylyl cyclase ACA. At present, we cannot resolve whether CbfA regulates the acaA gene directly or indirectly. CbfA recognizes two unusual binding sites in the C module of the retrotransposon TRE5-A. These consist of ϳ24-bp oligoadenine sequences surrounded by nonconserved nucleotides. There are similar oligoadenine runs in the 500 bp preceding the acaA gene where CbfA might bind. However, given the generally high AϩT content of the D. discoideum genome, it can be tested experimentally only if CbfA binds to the acaA promoter in vivo. In the absence of acaA gene expression, the cells cannot generate the extracellular pulses of cAMP that are necessary for chemotactic aggregation and stimulation of adjacent cells. As a result, CbfA-depleted cells fail to aggregate or to accumulate normal levels of early developmental mRNAs. However, if CbfA-depleted cells are developed in mixtures with wild-type cells or are given artificial pulses of cAMP while suspended in buffer, they can express acaA and other early developmental genes and develop into fairly normal fruiting bodies. However, both gene expression and fruiting body formation were delayed in cbfA am cells under these conditions, indicating that the role of CbfA cannot be completely bypassed by artificial cAMP pulses.
CbfA does not appear to be necessary for the prestarvation response, since CbfA-depleted cells express discoidin I in a manner determined by the cell density, as in wild-type cells. In wild-type cells, PSF induces the serine-threonine protein kinase YakA, which arrests growth and releases a translation block on pkaC mRNA (35, 36) . Our data suggest that the YakA pathway functions normally in cbfA am cells, since yakA mutant cells show enhanced growth rates (whereas cbfA am cells grow slowly), and cAMP-pulsed yakA mutant cells express neither carA nor acaA (both of which are induced in cAMPpulsed cbfA am cells) (Fig. 6 ). CbfA probably acts downstream of the YakA pathway and, either directly or indirectly, controls transcription of acaA and other early genes. When the cells are able to generate and respond to cAMP pulses, a CbfA-independent transcriptional pathway can take over.
CbfA does not appear to be necessary for cells to sense starvation, since expression of some very early genes increases immediately after mutant cells are washed free of nutrients. The major defects of cbfA am cells can be attributed to the lack of ACA, and like those of acaA null mutant cells, they can be bypassed by the constitutive PKA activity that results from overexpression of the catalytic subunit encoded by pkaC. It appears that all of the early internal signaling by cAMP is mediated by PKA. When cbfA am cells are treated with pulses of cAMP, the MAP kinase ERK2 is transiently activated and inhibits the internal phosphodiesterase so that cAMP generated by the other adenylyl cyclase ACR can accumulate (19) . This stimulates PKA activity, which induces acaA and other early developmental genes, allowing the cbfA am cells to escape their trap.
A Myb-related transcription regulator (Myb2) that is also required for induction of acaA (28) has been described. Like cbfA am cells, those lacking mybB fail to aggregate but can be rescued by artificial pulses of cAMP. It is possible that in the absence of high levels of PKA activity, both CbfA and Myb2 are necessary to induce their target genes. Another gene, amiB, is known to be necessary for aggregation but can be bypassed by cAMP pulsing or ectopic expression of Myb2 (22) . It appears to act upstream of CbfA and Myb2, since amiB null mutant cells fail to repress the vegetative gene cprD when starved, suggesting that they cannot sense starvation (22) . The AmiB protein contains a domain that is significantly related to MAP kinase phosphatases and may be involved in the regulation of YakA, which acts upstream of PKA.
Although pulsing with cAMP partially bypassed the block to developmental gene expression in cbfA am cells, expression of these genes was generally reduced and delayed by 2 to 3 h (Fig.  5 and 6 ). Since cbfA am cells developed quite efficiently when mixed with wild-type cells, it may be that wild-type cells provided a secreted factor missing in the cbfA am mutant in addition to cAMP. This factor is unlikely to be CMF, since we found that cmfA is normally expressed in cbfA am cells (data not presented). However, we cannot presently exclude the possibility that a component of the CMF-controlled signaling pathways is dependent on CbfA, so that the cbfA am cells are unable to respond properly to CMF.
